**Chinese Library Classification No.** R453; R741; R842.1

Introduction {#sec1-1}
============

Hypoxia/ischemia (H/I) injury, a common type of brain injury, causes long-term neurological disabilities in the brains of newborns and a high mortality rate, approximately 23% of all neonatal deaths worldwide (Jaworska et al., 2017; Ziemka-Nalecz et al., 2017). Following H/I injury, the surviving infants will exhibit symptoms such as cerebral palsy, cognitive and intellectual impairments and other behavior problems (van Handel et al., 2007; Jaworska et al., 2017). Unfortunately, the precise mechanism underlying the pathogenesis of behavior disorders following H/I injury remains unknown. Until now, the only commonly used treatment after H/I has been hypothermia, which stabilizes brain metabolism, but does not prevent brain injury, neither providing complete brain protection nor the facilitating repair to the injured brain (Tang et al., 2016; Jaworska et al., 2017). The importance of investigating potential therapies that attenuate brain damage and improve cognitive function impairments induced by H/I injury is driving this crucial research.

White matter, 50% of the central nervous system, plays a vital role in learning and other brain functions, coordinating communication between different brain regions (Fields et al., 2008; Davies et al., 2019). H/I injury in premature infants can lead to periventricular leukomalacia, which is predominately related to incomplete vascular development and impairment in the regulation of cerebral blood flow to the cerebral white matter (Volpe et al., 2001). The corpus callosum, the largest white matter structure in the brain, is especially affected. Periventricular leukomalacia causes injury to oligodendrocytes (a myelin-forming cell of the central nervous system) in the developing white matter and results in hypomyelination. This is closely associated with cognitive disabilities (Haynes et al., 2003). H/I causes rapid and severe damage to the oligodendrocytes via several pathways, including that of oxidative stress (Mifsud et al., 2014). Neighboring microglia also promote apoptosis and toxicity of oligodendrocytes after H/I injury through the production of cytokines tumor necrosis factor-α (Noda et al., 2000) and interleukin-1β (Takahashi et al., 2003). The pathology of oligodendrocytes further induces demyelination and dysmyelination, which profoundly influence the axonal normal function, transport, structure, metabolism, and survival (Merrill and Scolding, 1999; McTigue and Tripathi, 2008; Matute and Ransom, 2012). Apart from periventricular leukomalacia, the greatest risk is damage to pre-myelination oligodendrocyte progenitor cells when infants' cerebral white matter is developing (Back et al., 2001). There are numerous adverse effects related with hypomyelination, including impaired axon conduction, motor deficits and sensory or cognitive function, depending on the location of the affected axons (Guardia Clausi et al., 2010).

A natural compound, rosmarinic acid (RA) is a common ester, which can be extracted from many traditional Chinese medicine herbs, i.e., Rosemary, Perilla frutescens, and Salvia miltiorrhiza Bunge (Amoah et al., 2016). RA was reported to have a protective effect, alleviating working, spatial, and recognition memory deficits after ischemic injury in mice via suppression of neuronal loss, increasing the expression of synaptophysin and brain-derived neurotrophic factor (Fonteles et al., 2016). Various benefits of RA were found in protecting different diseases, including temporal lobe epilepsy (Khamse et al., 2015), chronic ethanol-induced learning and memory deficits (Hasanein et al., 2017) and cerebral ischemia/reperfusion injury (Zhang et al., 2017). However, few studies focused on RA's effect on H/I injury induced changes of white matter fiber and cognitive deficits. In this study, a perinatal H/I rat model was used to identify whether RA had any protective effect on white matter fiber injury and cognitive dysfunction caused by H/I injury.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

The protocol was approved by the Animal Experimental Ethics Committee of Xuzhou Medical University, China (approval No. 20161636721) on September 16, 2017. All surgical interventions and postoperative animal care were performed according to the National Institutes of Health (USA) guidelines for care and use of laboratory animals (NIH Publication No. 85-23, revised 1996). Twenty-four specific-pathogen-free Sprague-Dawley rats aged three days were purchased from the Experimental Animal Center of Xuzhou Medical University (SYXK (Su) 2016-0028). Their mother was maintained in standard cages with independent ventilation system at 25 ± 1°C on a 12-hour light/dark cycle. All animals were allowed free access to food and water. The newborn rats were randomly assigned to a control group, H/I group, H/I + RA group (treatment with RA), or H/I + vehicle group (treatment with normal saline) (*n* = 6 per group).

Induction of H/I injury and RA administration {#sec2-2}
---------------------------------------------

The perinatal H/I surgery was conducted in postnatal day 3 Sprague-Dawley rats as described previously (Iwai et al., 2007). Briefly, rats were anesthetized with 2% isoflurane (Jinan Qiqi Pharmaceutical Technology Co., Ltd., Jinan, China) through a ventilator (Shanghai Qiansheng Biological Technology Co., Ltd.) until they lost their righting reflex. Once totally anesthetized, the right common carotid artery was identified and separated from the vagus nerve then ligated using 5-0 silk. After a 2-hour recovery, rats were then warmed in a plastic container, with holes on the lid, which was placed in a 37°C water bath for 30 minutes. Afterwards, the rats were exposed to an atmosphere of 8% O~2~ and 92% N~2~ for 30 minutes, and then returned to their biological mother's cages. For control rats, only the common carotid artery was exposed without ligation or hypoxia.

On the next day after surgery, the control and H/I groups received no treatment. RA was dissolved in normal physiological saline, and normal saline was used as vehicle. H/I + RA group received 0.2 M RA (20 mg/kg daily, intraperitoneally; Refenson Biotechnology Co., Ltd., Chengdu, China) for 5 consecutive days. H/I + vehicle group just received 0.9 mL normal saline intraperitoneally. Approximately 22 days after birth, the four groups of rats were subjected to behavior tests.

Open field test {#sec2-3}
---------------

On postnatal day 22, the locomotive activity of the rats was evaluated by an open-field test. The open field (50 cm × 50 cm) was surrounded by a wall (30 cm high). The rats were placed into the center of the field to acclimatize to the environment for 30 minutes for 2 consecutive days (Charles et al., 2018). For the trials, the rat behavior was monitored and recorded for 5 minutes by an auto-tracking system (SmarTrack, Smartech, Madison, WI, USA). The behavior items analyzed included distance travelled (m), speed (cm/s), break time, time in corner, and grooming time.

Morris water maze test {#sec2-4}
----------------------

Morris water maze test was used to evaluate the spatial learning and memory behavior of rats at postnatal day 22 as described previously (Wu et al., 2015, 2017). Briefly, we randomly chose one of four assigned release points and released the rat into the water facing the wall of the pool to find the platform hidden below the water. If the rat could not find the platform successfully in 60 seconds, the experimenter would gently guide the rat to the platform and let them stay there for 15 seconds. Each animal was trained for five trials per day and for 4 consecutive days. On the day after completion of the acquisition phase, the platform was removed and the rat was placed in the quadrant furthest from where the platform had been located. The rats were allowed to swim in the pool for 120 seconds and their behaviors were recorded by ANY-maze video tracking system (Stoelting, Wood Dale, IL, USA) with a CCD camera. The target quadrant retention time as a percentage of the total time, swimming distance, and number of crossings were analyzed.

BrdU labeling and immunohistochemistry staining {#sec2-5}
-----------------------------------------------

To evaluate the newborn cells in subventricular zone, BrdU (100 mg/kg; Sigma (Shanghai) Yingxin Laboratory Equipment Co., Ltd., Shanghai, China) was intraperitoneally injected once daily for 2 weeks from the postnatal day 30. After the behavior test and bromodeoxyuridine (BrdU) injections, six rats from each group were deeply anesthetized by 10% chloral hydrate and transcardially perfused with normal saline followed by 4% paraformaldehyde. Their brains were removed and fixed in 4% paraformaldehyde overnight at 4°C. After dehydration through 10%, 20% and 30% sucrose gradient, the brain was coronally cut into 20-μm thick sections on a freezing microtome. Immunohistochemical staining was performed to evaluate the expression of BrdU, Olig2, and DAPI in subventricular zone and myelin basic protein (MBP) in the corpus callosum. Sections were blocked by 10% donkey serum and then incubated by rabbit anti-BrdU (1:100; Sigma-Aldrich, Louis, MO, USA) and mouse anti-Olig2 (1:200; Abcam, Cambridge, MA, USA) at 4°C overnight. To detect the MBP expression of injured white matter in the corpus callosum, mouse anti-MBP (1:200; Covance Antibody Services, Princeton, NJ, USA) was used to stain the white matter at 4°C overnight. Next day, the corresponding species of secondary antibodies (DYLIGHT488 donkey anti-rabbit, 1:200; all from Amersham Biosciences Ltd. Healthcare, San Diego, CA, USA) were added at room temperature for 2 hours. The nucleus was stained by DAPI for five minutes. After washing three times with PBS, images were captured by a fluorescence microscope (Olympus, Osaka, Japan).

Luxol fast blue staining {#sec2-6}
------------------------

The protocol of Luxol fast blue staining was in accordance with a previous study (Liu et al., 2017). After their behavior test, two rats of each group were deeply anesthetized and brains were immediately removed for processing. The removed brain tissue was paraffin-embedded and cut into 4-μm-thick coronal sections. After de-paraffinization with xylene, the sections in slides needed to be rehydrated with ethanol gradient from 95% to 70%. Afterwards, 1% Luxol fast blue dye (Sigma-Aldrich) was added and the slides incubated overnight in a 60°C Thermostat box. The sections were rinsed with 95% ethanol and double distilled water (ddH~2~O) followed by incubation with 0.05% lithium carbonate solution (Sigma-Aldrich) for 5 seconds. After two washes with 70% ethanol and ddH~2~O, the sections were dehydrated with 95% ethanol to 100% ethanol, and cleared with xylene. Images were captured by bright-field and fluorescence microscope.

Electron microscopy {#sec2-7}
-------------------

The ultrastructure of white matter in the corpus callosum visualized by electron microscopy after H/I injury has improved our understanding of the biogenesis and structure of myelin in healthy and pathological conditions (Möbius W et al., 2016). The standard protocols are referred as follows: Six rats from each group were lightly anesthetized in an anesthesia coma and the left ventricle was perfused with 2.5% glutaraldehyde buffer. A small block of white matter (1 × 1 × 1 mm^3^, \< 1 mm^2^ posterior to bregma and \> 1 mm^2^ from midline) was removed immediately and post-fixed with 3% glutaraldehyde at 4°C. After thorough rinsing, it was immersed in 1% osmic acid for 3 hours. The sample was dehydrated with acetone and embedded in epoxy resin. The resin-embedded samples were cut into 60 nm ultrathin sections with a microtome. The sections were stained by uranyl acetate and lead citrate. The images were captured using a transmission electron microscope (Oubo Tong Optical Technology Co., Ltd., Beijing, China).

Western blot assay {#sec2-8}
------------------

Rats were lightly anesthetized and sacrificed immediately to remove the brain quickly. The right corpus callosum was collected for western blot assay to test whether MBP and Olig2 were involved in the effect of RA. The following antibodies (their final dilution and source) were used for assay: rabbit anti-MBP (a marker of oligodendrocytes (Meffre et al., 2015); 1:1000, ab254026, Covance Antibody Services), goat anti-Olig2 (a marker of oligodendrocytes (Bojrab et al., 2017); 1:1000, ab109186, Abcam), rabbit anti-inhibitors of DNA binding 2 (Id2) antibody (Id2, a marker of oligodendrocyte apoptosis (Huang et al., 2015); 1:500, ab52093, Abcam), and rabbit anti-actin (1:500, ab179467 Abcam). The brain corpus callosum was lysed by the electrophoresis sample buffer containing Tris-HCl (62.5 mM), 2% w/v sodium dodecyl sulfate, 10% glycerol, dithiothreitol (50 mM) and 0.1% w/v bromophenol blue. The insoluble material was removed by centrifugation and the supernatant was collected. The supernatant was boiled for 10 minutes then cooled in ice for half an hour. Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 10% acrylamide-bisacrylamide gels and then removed to nitrocellulose membranes, which were filled with blocking solution containing 5% skim milk powder and 0.1% Tween-20 in Tris-buffered saline for 1 hour. After three washes with Tris-buffered saline, the primary antibodies were incubated overnight at 4°C. After three washes with Tris-buffered saline, the blots were incubated with peroxidase-conjugated secondary antibody (rabbit anti-mouse; 1:2000; ab6728; Shanghai Sur Biotech Co., Ltd., Shanghai, China) for 1 hour at room temperature. After three washes with Tris-buffered saline, a chemiluminescence detection kit (Kanglang Biological Technology Co., Ltd., Shanghai, China) and X-ray film (Yuduo Biotechnology Co., Ltd., Shanghai, China) were used to detect the membrane bands. ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to analyze the membrane signals.

Statistical analysis {#sec2-9}
--------------------

All data are expressed as the mean ± SD. One-way analysis of variance was used to validate behavior and immunostaining related data. The two factors are H/I injury and RA injection. *Post hoc* Tukey's tests were applied when needed. All statistical analyses were performed with Graphpad Prism 5 software (GraphPad Software, San Diego, CA, USA). A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

RA ameliorates locomotor activity deficits induced by H/I injury {#sec2-10}
----------------------------------------------------------------

Spontaneous motor activity and anxiety behavior were tested by an open field test. As shown in **[Figure 1](#F1){ref-type="fig"}**, the motor distance, speed, the ratio of rearing/leaning, time in the corner, and grooming time were significantly decreased in the H/I group compared with the control group (*P* \< 0.05). This implies that H/I injury induces spontaneous locomotor activities deficits and anxiety behavior compared with the control group. Treatment with RA significantly improved the motor distance, speed, the ratio of rearing/leaning, time in the corner and grooming time compared with the H/I group (*P* \< 0.05). The changes in several parameters between H/I + vehicle group and H/I group were similar (*P* \> 0.05).

![Effects of RA on exercise performance and anxiety behavior in neonatal rats with H/I injury in open field trials 22 days after birth.\
Distance (A), speed (B), rearing/leaning (C), time in corner (D) and grooming time (E) were evaluated among the four groups of rats. Data are presented as the mean ± SD (*n* = 6 per group). \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. H/I group (one-way analysis of variance followed by *post hoc* Tukey's test). H/I: Hypoxia/ischemia; RA: rosmarinic acid.](NRR-15-894-g002){#F1}

RA improves spatial learning and memory functions after H/I injury {#sec2-11}
------------------------------------------------------------------

The abilities of spatial learning and memory functions were measured by the Morris water maze test. The task was completed after 3 trials daily, over 4 days, with an inter-trial interval of 1 hour. In the four-day probe trial, the escape latencies in four groups all decreased with increasing number of training days. The latencies to reach the platform were longer in the H/I group than in the control group (**[Figure 2A](#F2){ref-type="fig"}**). Swimming latencies were shorter in the H/I + RA group than in the H/I group. The latencies were similar between the HI + vehicle group and the H/I group. No significant changes in swimming latencies were detectable between the H/I + RA and control groups at 1, 2, and 4 days (*P* \> 0.05).

![Effects of RA on learning and spatial memory functions in rats with H/I injury evaluated by a Morris water maze test.\
(A) Latency to the hidden platform in 4 consecutive training days. (B) Traces of swimming track on day 5 of Morris Water Maze testing. According to the swimming traces, percentage of distance (C), percentage of time (D), number of crossings (E) were analyzed on day 5 of Morris water maze test. Data are presented as the mean ± SD (*n* = 6 per group). \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. H/I group (one-way analysis of variance followed by *post hoc* Tukey's tests). H/I: Hypoxia/ischemia; RA: rosmarinic acid.](NRR-15-894-g003){#F2}

After 4 days of training, during which the platform was removed from the pool (**Figure [2B](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}**), the swim traces, percentage of distance, percentage of time, and number of crossings were recorded over 120 seconds and analyzed. The swimming trace (**[Figure 2B](#F2){ref-type="fig"}**) results showed that control rats preferred staying at the zone where the platform was once located, indicating a good spatial reference memory. However, the H/I group showed no significant preference on day 5. After the treatment with RA, slightly more traces around where the platform had been located reappeared compared to the H/I + vehicle treatment group, which showed little preference as in the H/I group. The percentage of distance, percentage of time spent in the target quadrant and the number of crossings were all significantly lower in the H/I group compared with the control group (**Figure [2C](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}**). The target quadrant retention time as a percentage of the total time and the number of crossing over the platform area significantly improved in the H/I + RA group compared with the H/I group. The effects were similar between the H/I + vehicle and H/I groups. The above parameters significantly decreased in the H/I group compared with the control group. The percentage of distance and percentage of time were similar between the H/I + RA and control groups (*P* \> 0.05). However, the number of platform crossings was still less in the H/I, H/I + RA, and H/I + vehicle groups than in the control group (*P* \< 0.05).

RA increases the number of BrdU^+^/Olig2^+^ cells in subventricular zone after H/I injury {#sec2-12}
-----------------------------------------------------------------------------------------

A previous study has shown that pathological conditions stimulated neurogenesis in the subventricular zone and newly mature neural cells moved directly toward the injury site to replace the dead cells (Yamashita et al., 2006). The same occurred in response to H/I injury (Ruan et al., 2014). BrdU immunostaining was employed in each group to label proliferative neural stem cells in the subventricular zone. Olig2, a basic helix-loop-helix transcription factor, is widely distributed in progenitor cells and is recognized as an oligodendrocyte lineage marker for phenotypic identification. The expression of Olig2 changed significantly after various injuries via different mechanisms (Buffo et al., 2007). Thus, Olig2 acts as a marker of neurogenesis while BrdU acts as a proliferation indicator. As illustrated in **[Figure 3](#F3){ref-type="fig"}**, the number of BrdU cells in the H/I group was slightly higher compared with the control group. However, the number of BrdU^+^/Olig2^+^ cells showed no significant change between the H/I and control groups (*P* \> 0.05). RA treatment after H/I injury significantly improved the number of BrdU^+^/Olig2^+^ cells in the subventricular zone (*P* \< 0.05). The number of BrdU^+^/Olig2^+^ cells was greater in the H/I + RA group than in the control group (*P* \< 0.05). No significant changes were found between the H/I + vehicle and H/I groups.

![RA promoted the proliferation of oligodendrocyte progenitor cells, detected by immunofluorescence staining, in the subventricular zone of H/I injured rats 50 days after birth.\
(A--D) BrdU^+^/Olig2^+^ cells in the subventricular zone. DAPI (blue) was used to stain nuclei. Representative images in the control group (A), H/I group (B), H/I + RA group (C) and H/I + vehicle group (D). (E) Quantification of Olig2^+^/BrdU^+^ cells. BrdU expression was slightly higher in the H/I group than in the control group but there was no significant change in the number of double positive cells (BrdU^+^/Olig2^+^). RA treatment after H/I injury significantly increased the number of BrdU^+^/Olig2^+^ in the subventricular zone. Data are presented as the mean ± SD (*n* = 6 per group). \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. H/I group (one-way analysis of variance followed by *post hoc* Tukey's tests). H/I: Hypoxia/ischemia; RA: rosmarinic acid.](NRR-15-894-g004){#F3}

RA ameliorates abnormal myelinations in H/I rats {#sec2-13}
------------------------------------------------

MBP immunostaining has been applied to evaluate the myelin protein component and has been shown to be sensitive to the loss of myelin (Ludwin and Sternberger, 1984). To further evaluate the effect of RA in the development of oligodendrocyte, we detected the expression of MBP in all groups treated with RA or none. As shown in **Figure [4A](#F4){ref-type="fig"}--[D](#F4){ref-type="fig"}**, H/I injury downregulated the MBP immunopositivity in the corpus callosum compared with the control group (*P* \< 0.05). There was significantly less downregulation of MBP in the H/I + RA group compared with the H/I group (*P* \< 0.05). The expression of MBP was similar between the H/I + vehicle and H/I groups.

![Effect of RA on the expression of myelin-associated protein and myelin morphology in H/I injured rats at 50 days after birth.\
(A--D) Immunopositivity of MBP in the CC was stained among four groups. (E--H) LFB was used to detect the status of myelination in the CC. (I--L) TEM was used to observe the morphological changes of myelin sheaths in the CC. H/I injury down-regulated the expression of MBP in the CC. The myelinated nerve fibers of the control group were stained blue in the CC, whereas blue staining was rarely observed in the CC of H/I injured rats. In contrast, H/I damage resulted in a decrease in the bulk density of myelinated axons in the CC and a decrease in axonal diameter. RA treatment significantly reduced the effects of H/I injury, partially improving the packing density of the myelinated axons and improving their diameters. (M, N) Western blot assay of the Olig2 expression in the CC. (O, P) Quantification of western blot assays of the MBP and Id2 expression in the CC. Data are presented as the mean ± SD (*n* = 6 per group). \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. H/I group (one-way analysis of variance followed by *post hoc* Tukey's tests). CC: Corpus callosum; H/I: hypoxia/ischemia; Id2: DNA binding 2; LFB: luxol fast blue staining: LV: lateral ventricle; MBP: myelin basic protein; RA: rosmarinic acid; TEM: transmission electron microscopy.](NRR-15-894-g005){#F4}

Luxol fast blue staining was used to evaluate the morphological and biological changes of myelin in the corpus callosum. As illustrated in **Figure [4E](#F4){ref-type="fig"}--[H](#F4){ref-type="fig"}**, the myelinated neural fibers of the control group were stained blue in the corpus callosum, whereas blue stained fibers were rarely seen in the corpus callosum of rats with H/I injury. RA treatment partially improved the blue staining over that in the H/I group. The amount of blue staining was similar between the H/I + vehicle and H/I groups.

Electron microscopy was used to detect myelin sheaths and tracts in the corpus callosum directly. As shown in **Figure [4I](#F4){ref-type="fig"}--[L](#F4){ref-type="fig"}**, the packing density of myelinated axons decreased and the diameters of axons were smaller in the corpus callosum from the H/I group compared with those from the control group. The packing density of myelinated axons and the diameter of axons improved in the H/I + RA group compared with the H/I group. The morphology of axons was similar between the H/I + vehicle and H/I groups.

The protein levels in the corpus callosum of rats in the control, H/I, H/I + RA, and H/I + vehicle groups were examined by western bolt assay. As illustrated in **Figure [4M](#F4){ref-type="fig"}** and **[N](#F4){ref-type="fig"}**, the expression level of Olig2 was less in the H/I group than in the control group (*P* \< 0.05). The Olig2 expression levels significantly increased in the corpus callosum in the H/I + RA group from those in the H/I group (*P* \< 0.05). As predicted, the H/I + vehicle group showed similar expressions of Olig2 in the corpus callosum compared with the H/I group. The expression levels of MBP and Id2 were also detected by western blot assay. As illustrated in **Figure [4O](#F4){ref-type="fig"}** and **[P](#F4){ref-type="fig"}**, the expression level of MBP was significantly lower in the H/I group compared with the control group (*P* \< 0.05), however it was partially reversed by administration with RA (*P* \< 0.05). MBP expression decreased in the H/I group compared with the control group (*P* \< 0.05). The expression levels of Olig2 and MBP were both higher in the H/I + RA group compared with the control group (*P* \< 0.05).

The inhibitors of DNA binding 2 (Id2) proteins modulate the proliferation of oligodendrocyte precursor cells out of the cell-cycle to mature cells in the corpus callosum (Chen et al., 2007). As shown in **Figure [4O](#F4){ref-type="fig"}** and **[P](#F4){ref-type="fig"}**, Id2 expression in the corpus callosum significantly increased in the H/I group compared with the control group (*P* \< 0.05). However, the above-mentioned increasing trend of Id2 expression in the H/I group was significantly lower in the H/I + RA group (*P* \< 0.05). Id2 expression in the corpus callosum was higher in all H/I groups than in the control group (*P* \< 0.05).

Discussion {#sec1-4}
==========

Perinatal H/I injury occurs in a critical period of brain growth and development but has not yet been studied thoroughly (Gong and Liu, 2019). A previous study focused not only on the neural regeneration but also on the self-renewing precursors in the subventricular zone, which subsequently produce neuroblasts (Felling et al., 2006). Our study shows that RA provides protection from cognitive impairments induced by H/I injury by increasing the proliferating oligodendrocyte progenitor cells in the subventricular zone and remyelination in the corpus callosum. Both the open-field test and the Morris water maze test showed that RA administration reduced the cognitive impairment induced by H/I injury. Moreover, further results indicated that the induction of oligodendrogenesis in the subventricular zone and enhancement of axonal remyelination in the corpus callosum resulted from RA treatment after H/I injury. As one of the predominant cell types, oligodendrocytes are vulnerable to H/I injury (Chen et al., 2015), therefore, RA treatment may provide a new potential approach to therapy for perinatal H/I injury-induced cognitive impairments.

RA is a naturally hydroxylated compound and its therapeutic role has been investigated in several diseases, including alcohol abuse (Wang et al., 2012), Parkinson's disease (Wang et al., 2012), amyotrophic lateral sclerosis (Seo et al., 2015), and H/I injury (Zhang et al., 2017). RA exerts neuroprotective effects on hippocampal neurons through the Akt/JNK3/caspase-3 signaling pathway after H/I injury (Zhang et al., 2017). It is unlikely that neuronal genesis alone would be sufficient to restore the brain injury induced by H/I injury. A previous study has shown that by decreasing iron-induced damage myelination increased and oligodendrocyte maturation accelerated in the corpus callosum, providing a novel therapeutic tool for the recovery after H/I injury (Guardia Clausi et al., 2010). Metformin provided a significant amelioration of cognitive impairment after H/I injury by improving remyelination in the corpus callosum (Qi et al., 2017). However, little study has focused on the underlying mechanism of RA treatment after H/I injury. The combined research on metformin and RA suggests there could be some similar, unknown mechanism underlying their effects on the recovery of H/I injury. RA enhanced neural plasticity by modulating glutamatergic signaling pathways via increasing the expression of GluR-2 proteins to prevent cell death (Hwang et al., 2016) The effects of RA in the prevention of oxidative stress, intracellular Ca^2+^ overload and c-fos expression were also found in models of neuronal death *in vitro* (Fallarini et al., 2009). Furthermore, in sodium taurocholate-induced acute pancreatitis rats, pretreatment with RA appears to reduce the releasing of inflammatory cytokines by inhibiting the activation of nuclear factor-κB (Fan et al., 2015). It is possible that several potential signaling pathways may contribute to the improvement of cognitive function after perinatal H/I injury shown in our study. Traditional Chinese herb medicine is one of the oldest and most widely used systems of medicine in the world (Zhang et al., 2013), and the mechanisms underlying the therapies for various disease need to be explored further with modern scientific techniques. The protective effect of RA on H/I injury-induced cognitive dysfunction may be a step forward in clarifying the mechanism underlying Chinese herb medicine and benefit more patients around the world.

White matter damage often occurs after H/I injury and leads to demyelination that, depending on the site of injury, strongly impairs motor, sensory and/or cognitive function (Crawford et al., 2009). Therefore, remyelination can be recognized as an effective therapy to recover the conduction properties of axons, thus benefitting their neurological function. Various investigations have focused on how to improve the remyelination effect in the injured brain. Oligodendrocyte progenitor cells are largely resident in cerebral white matter and once injured in their immature period would result in hypomyelination (Rice et al., 1981). RA treatment improves the oligodendrocyte progenitor cells differentiation and maturation in the subventricular zone. They then restore the myelin sheaths in the corpus callosum, a positive sign of recovery from H/I injury. MBP is a component of myelin and sensitive to the loss of myelin. The inhibitors of DNA binding 2 (Id2) proteins modulate the proliferation of oligodendrocyte precursor cells out of the cell-cycle to mature cells in the corpus callosum. As an inhibitor of Oligo2, Id2 regulates the activity of the MBP gene through inhibition of its promoter by inactivating Olig2 *in vitro*. In this study, we confirmed that RA reduced the decreased expression of MBP and inhibited the increased expression of Id2 induced by perinatal H/I injury in the brain. Both MBP and Id2 are involved in this protective effect of RA. Apart from MBP and Id2 signals, many signaling pathways, such as Wnt/β-catenin and Akt/mTOR pathways, participate in the differentiation of oligodendrocyte progenitor cells, and the ERK/MAPK pathway directly regulates the growth of the myelin sheath during myelination (Gaesser and Fyffe-Maricich, 2016). The communication among the multiple pathways is complex. Therefore the molecular mechanism underlying the effect of RA on the remyelination after H/I injury needs to further exploration.

In conclusion, RA ameliorated the cognitive dysfunctions (locomotor activity, anxiety behavior, learning and spatial memory deficits) induced by perinatal H/I injury. This protection may be effected by improving the differentiation and maturation of oligodendrocyte progenitor cells and restoring myelin sheaths in the corpus callosum. Different signaling pathways are involved in the protection of RA after injury. The clinical feasibility and significant benefits of RA treatment of cognitive impairments after perinatal H/I injury make us hope RA will be used soon to benefit more patients.
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